and stay associated with autophagosomes until they are degraded within lysosomes. So far, the field largely relies on expression of fluorescently tagged LC3/GABARAP proteins for detection of autophagosomes, a technique that is prone to artifacts. The sensors described here could therefore be very valuable for the field. However, as outlined below the sensors should be more rigorously and consistently characterized with respect to their interference with autophagic flux and their binding specificity for different for LC3/GABARAP proteins. In addition, the text would profit from proofreading and editing by a native speaker.
Major comments:
1. I understand that the assays showing the specific targeting of the LC3 probes were conducted with mouse embryonic fibroblasts (MEFs). However, the crucial tests for the interference of the probes with autophagic flux were conducted with HEK293T cells (Figure 5 ). Why did the authors choose a different cell line for this test? The experiments shown in Figure 5 should be repeated with MEFs and in addition it would be helpful to see how the sensors behave in cell lines other than MEFs (for example in HEK293T cells). Furthermore, the figure legend mentions that the cells were serum starved for these experiments rather than nutrient starved as for the other experiments. In summary, the conditions for the experiments shown in Figure 5 were so different from all the other experiments that no solid conclusion can be drawn at this point.
2. Related to the comments above, the p62 degradation assay shown in Figure 5 is not very convincing as no degradation of p62 is detected in the GFP expressing cells (lane 1 vs. 2). Since this is a crucial test for the interference of the sensors with autophagic flux the characterization should be backed up with other assays. Following mitophagy would be one possible way.
3. The authors should provide some sort of characterization of the binding specificity for different LC3s/GABARAPs. This could for example be done by pull downs from using cell lysates or purified proteins.
4. The authors should explain in more detail how exactly the ratios for the fluorescent images were quantified (i.e. in Figure 1 ). Figure 3 should be quantified. Figure 3 are somewhat small and the contrast is not ideal to see the double membrane of the autophagosomes and to clearly see the gold particles. Can the authors provide larger images and with better contrast? 7. The authors should provide the full sequences of the HyD-LIR(TP) and HyD-LIR(Fy) sensors.
The data in

The immuno-EM pictures shown in
Minor comments:
9. Page 4, last paragraph: the sentence "Among the core autophagy proteins, ATG8, a mammalian homolog of light chain 3 (LC3), is involved in autophagosome formation..." is wrong. There is one Atg8 in yeast and several homologs in human and mouse, which are subdivided into the LC3 and GABARAP families. The authors mention this themselves later in the introduction.
10. Scale bars should be added to all microscopy pictures.
11. Page 13, bottom: the sentence "These results indicate that continuing induction of autophagosome formation further recruited the probes from the cytosol to the autophagosomal membrane." is somewhat unclear. Can the authors please explain better what exactly they mean?
12. In the discussion the authors mention that "the new sensor, however, did not affect the morphology of cultured cortical neurons in our experiments (our unpublished data)". It would be good to show the data in the paper.
Referee #2:
In this manuscript Lee and co-authors have developed specific GFP-tagged sensors to detect LC3. They LIR domain of 34 different proteins was fused to a N-terminal hydrophobic domain (HyD) and a C-terminal GFP tag and the resulting constructs tested for colocalization with overexpressed or endogenous LC3 in cells where autophagy was induced (by starvation or rapamycin) or blocked (with chloroquine or genetically). The LIR motif from TP53INP2 (HyD-LIR(TP)-GFP) was found to be the best LC3 sensor and its localization to endogenous LC3-positive autophagosome was specific (no colocalization in Atg5 or Atg7 KO MEFs or of the LIR mutant construct). Expression of the HyD-LIR(TP)-GFP protein did not seem to affect autophagic flux and could be used to monitor autophagosome formation in live cells.
This study is well performed and the data are nicely presented. However, as the authors have only tested the colocalization of their LIR probes with LC3B (?) (overexpressed and endogenous) the study is somewhat limited. There are six ATG8 proteins in mammalian cells (LC3-A,B,C and GABARAP, -L1, -L2). Their functions during autophagy are only incompletely understood and development of sensors to detect the different endogenous ATG8 proteins would therefore be interesting and useful to the autophagy community.
Specific comments: -the authors should specify which LC3 is used (for RFP-LC3) -they should test the specificity of their sensors, i.e. look for their colocalization and binding (pulldown experiments) to all LC3s (A,B,C) and GABARAPs -all immunofluorescence data are done in MEFs while the western blot analysis is done in HEK cells. They should also include images from HEK cells and show flux western blots from MEFs. It would be nice to confirm that the autophagic flux is unaffected by using the long-lived protein degradation assay, which measure turnover of an autophagic substrate in the lysosome.
-is selective autophagy normal in cells expressing the HyD-LIR(TP)-GFP sensor? -does the sensor bind to LC3 in both the inner and outer membrane of the forming autophagosome? They should perform proteinase K protection experiments.
-the cells are starved (for serum or amino acids) for 8 hrs to induce autophagy. Why so long? Autophagy is normally induced for 2 or 4 hrs in medium lacking both serum and amino acids. They should also show images taken after shorter time point starvation in EBSS.
-the western blot experiments are not described in the methods -the quantification of the ratios of sensor-positive RFP-LC3 spots and autophagosomal/cytosol (A/C) fluorescent intensity should be better described. E.g. in Fig.2 Referee #1:
The manuscript by Lee et al. describes cleverly designed sensors for LC3/GABARAP proteins in mammalian cells. LC3/GABARAP proteins are conjugated to nascent autophagosomal membranes and stay associated with autophagosomes until they are degraded within lysosomes. So far, the field largely relies on expression of fluorescently tagged LC3/GABARAP proteins for detection of autophagosomes, a technique that is prone to artifacts. The sensors described here could therefore be very valuable for the field. However, as outlined below the sensors should be more rigorously and consistently characterized with respect to their interference with autophagic flux and their binding specificity for different for LC3/GABARAP proteins. In addition, the text would profit from proofreading and editing by a native speaker.
Response:
We thank you for your positive and valuable comments, which helped to improve our manuscript. 
To examine whether expression of our sensor affects autophagic flux, we used HEK293T cells because of their higher transfection efficiency compared to MEFs for our sensor plasmids (HyD-LIR(TP or Fy)-GFP).
We also confirmed efficient co-localization of our sensors (HyD-LIR(TP or Fy)-GFP) to LC3/GABARAP-positive autophagosome in HEK293T cells (revised Figure EV2) . As the reviewer suggested, we performed an autophagic flux assay in MEFs expressing our sensors (HyD-LIR(TP or Fy)-GFP) and included the new data in the revised manuscript (Revised Figure 5F -H) Furthermore, the figure legend mentions that the cells were serum starved for these experiments rather than nutrient starved as for the other experiments. In summary, the conditions for the experiments shown in Figure 5 were so different from all the other experiments that no solid conclusion can be drawn at this point.
In our experimental setting, we initially used serum starvation because we could induce serum-starvation in MEFs and HEK293T cells without using EBSS media. Because we confirmed the presence of mRFP-LC3B-positive autophagosomes and accumulation of LC3-II, or p62 as autophagy substrates in the presence of CQ under serum starvation in MEFs and HEK293T cells, we considered that autophagy was induced and autophagic flux was normal.
As the reviewer pointed out, to evaluate whether the expression of our sensors affects autophagic flux in MEFs starved with EBSS, we performed an autophagic flux assay and added the new data to Figure. 5F-H of the revised manuscript. Furthermore, we examined the cellular localization of our sensors (HyD-LIR(TP or Fy)-GFP) to autophagosome in EBSS-starved MEFs (revised Figure EV3) 2. Related to the comments above, the p62 degradation assay shown in Figure 5 is not very convincing as no degradation of p62 is detected in the GFP expressing cells (lane 1 vs. 2). Since this is a crucial test for the interference of the sensors with autophagic flux the characterization should be backed up with other assays. Following mitophagy would be one possible way.
As the reviewer suggested, we performed the autophagic flux assay in MEFs starved with EBSS and added new data to Figure. 5F-H of the revised manuscript. In MEFs starved with EBSS, we showed that protein level of p62 was reduced upon starvation and there was no dramatic difference on autophagic flux in cells expressing GFP, HyD-LIR(Fy)-GFP or HyD-LIR(TP)-GFP (revised Figure 5F -H).
In our experimental setting, in HEK293T cells upon serum starvation without CQ, we couldn't get dramatic reduction of level of p62 (revised Figure EV2C -E). According to our personal communication with expertise in autophagy field (Dr. Yongkeun Jung and Dr. Myungshik Lee), level of p62 seems to be dependent on cell lines under various conditions of autophagy induction. We examined whether our sensors could be used for monitoring a selective autophagy. As a result, we found that HyD-LIR(Fy)-GFP or HyD-LIR(TP)-GFP was efficiently localized to MitoTrackerpositive damaged mitochondria spots in CCCP-or phenanthroline-induced mitophagy in MEFs or HeLa cells, respectively (revised Figure 8A -D). Moreover, HyD-LIR(Fy)-GFP-or HyD-LIR(TP)-GFP-positive damaged mitochondria accumulated in the presence of CQ. There is no dramatic difference on the numbers of sensor-positive MitoTracker spot in cells expressing GFP-LC3B and our HyD-LIR sensors, suggesting that damaged mitochondria were degraded in cells expressing GFP-LC3B or our HyD-LIR sensors (revised Figure 8B and D). These results raise its potential use to detect mitophagy. However, more detailed analysis such as the flux assay using mtKeima or the flux assay using mitochondria targeting proteins is needed for its practical use on mitophagy. Due to time limitation for the revision (8 weeks), we couldn't perform all experiments regarding the evaluation of our sensors on mitophagy. Therefore, as a further study, we are going to characterize our sensor as a marker for a selective autophagy such as mitophagy or pexophagy.
We thank you for pointing this out. As the reviewer suggested, to examine the binding preference for different LC3s/GABARAPs of our sensors (HyD-LIR(TP)-GFP or HyD-LIR(Fy)-GFP), we performed a pulldown assay of our GFP-sensors in HEK293T cells expressing each different LCs/GABARAP and analyzed their cellular colocalization in MEFs or HEK293T cells. We added the new data to the revised manuscript (revised Figure 2 -4, Figure EV2 and Table 1 ). Figure 3 should be quantified.
The authors should explain in more detail
of both sensor and MitoTracker-positive dots or sensor-positive LC3/GABARAP autophagosomes recognized by the respective probe in a valid cell was counted by overlaying the two channels (co-localization of objects in confocal images) using ZEN imaging software (Carl Zeiss). Ratios of sensor-positive LC3/GABARAP autophagosome dots was calculated as the fold of number of co-localization events divided by total number of LC3/GABARAP-positive spots. To determine the quantitative ratio of autophagosomal/cytosol (A/C) fluorescent intensities
The data in
Response:
In the revised manuscript, we tested the cellular localization of our candidate sensors into LC3/GABARAP-positive autophagosomes. As a result, we found that HyD-LIR(Fy)-GFP was more efficiently localized to LC3A-positive autophagosomes, while HyD-LIR(TP)-GFP was more preferentially GABARAPL1-positive autophagosomes (Revised Fig. 2-4 , Table 1 ). We quantified their co-localization efficiency in MEFs expressing each sensor together with either mRFP-LC3(A, B, or C) or mRFP-GABARAP/GABARAP(L1 or L2) and presented the new data in Figure 2 -4 of the revised manuscript. We also performed immunostaining in MEFs expressing HyD-LIR(Fy)-GFP or HyD-LIR(TP)-GFP using anti-LC3(A, B) or anti-GABARAPL1 antibody. We included this data in revised Figure 5A , B. We also quantified the co-localization of our sensors into LC3A/B-or GABARAPL1-positive dots (revised Figure 5C ). Figure 3 are somewhat small and the contrast is not ideal to see the double membrane of the autophagosomes and to clearly see the gold particles. Can the authors provide larger images and with better contrast?
The immuno-EM pictures shown in
Response: As the reviewer suggested, we provide larger images with better contrast in Figure. 5D-E of the revised manuscript. In our immunoEM analysis, a clear double membrane structure was not observed. Cellular membranes did not appear to be intact compared to those in the EM images. To further characterize cellular localization of our sensor (HyD-LIR(TP)-GFP), we performed proteinase K protection experiments and added the new data to Figure 6G of the revised manuscript. 12. In the discussion the authors mention that "the new sensor, however, did not affect the morphology of cultured cortical neurons in our experiments (our unpublished data)". It would be good to show the data in the paper. Figure S1 of the revised manuscript.
Response: We added neuronal morphology images in neurons expressing GFP, GFP-LC3, and HyD-LIR(TP, or Fy)-GFP to Appendix
Referee #2:
In this manuscript Lee and co-authors have developed specific GFP-tagged sensors to detect LC3.
They LIR domain of 34 different proteins was fused to a N-terminal hydrophobic domain (HyD) and a C-terminal GFP tag and the resulting constructs tested for colocalization with overexpressed or endogenous LC3 in cells where autophagy was induced (by starvation or rapamycin) or blocked (with chloroquine or genetically). The LIR motif from TP53INP2 (HyD-LIR(TP)-GFP) was found to be the best LC3 sensor and its localization to endogenous LC3-positive autophagosome was specific (no colocalization in Atg5 or Atg7 KO MEFs or of the LIR mutant construct). Expression of the HyD-LIR(TP)-GFP protein did not seem to affect autophagic flux and could be used to monitor autophagosome formation in live cells.
This study is well performed and the data are nicely presented. However, as the authors have only tested the colocalization of their LIR probes with LC3B (?) (overexpressed and endogenous) the study is somewhat limited. There are six ATG8 proteins in mammalian cells (LC3-A,B,C and GABARAP, -L1, -L2). Their functions during autophagy are only incompletely understood and development of sensors to detect the different endogenous ATG8 proteins would therefore be interesting and useful to the autophagy community.
Response: We thank you for your positive and valuable comments, which helped to improve our manuscript. We added new data to show the binding properties of our sensors for all six LC3/GABARAP proteins in Figure 2 -4 and Table 1 of the revised manuscript.
Specific comments: -the authors should specify which LC3 is used (for RFP-LC3)
Response: We initially used mRFP-LC3B to test our sensor to detect autophagosomes. In the revised manuscript, we determined cellular colocalization of our sensors and their binding preferences to all LC3s (A, B, C) and GABARAP/GABRAPs (L1, L2) (revised Figure 2-4 and Table1).
-they should test the specificity of their sensors, i.e. look for their colocalization and binding (pulldown experiments) to all LC3s (A,B,C) and GABARAPs
Response: As the reviewer suggested, we performed a pulldown assay for binding property of our sensors and determined the co-localization of our eight sensors with all LC3s and GABARAPs in MEFs as shown in Figure. 2-4 and Table 1 of the revised manuscript. We added cellular localization data of HyD-LIR(TP)-GFP or HyD-LIR(Fy)-LIR into LC3/GABARAP-positive autophagosome or LC3A/B positive autophagosome in HEK293T cells (revised Figure EV2 ).
-all immunofluorescence data are done in MEFs while the western blot analysis is done in HEK cells. They should also include images from HEK cells and show flux western blots from MEFs. It would be nice to confirm that the autophagic flux is unaffected by using the long-lived protein degradation assay, which measure turnover of an autophagic substrate in the lysosome.
Response: To examine whether the expression of our sensors affects autophagic flux, we used HEK293T cells because they showed higher transfection efficiency compared to MEFs with our sensor plasmid (HyD-LIR(TP or Fy)-EGFP).
As the reviewer suggested, we performed the autophagic flux assay in MEFs expressing our sensors and included this new data in the revised manuscript (Revised Figure 5F -H). We also show cellular localization of our sensors into LC3/GABARAP-positive autophagosome in HEK293T cells and added new cellular images to Figure EV2 of the revised manuscript.
Regarding the long-lived protein degradation assay, we apologize that we could not perform this assay in the limited time (-8 weeks) allowed for our revision. Our institution has very strict rules regarding the use of isotope-labeled amino acids because of safety issues. A protocol must be submitted and permission must be obtained to use these materials. Permission is typically granted in approximately 3 months. Although we submitted our protocol to obtain permission, this assay could not be completed before submitting the revised manuscript. We hope the reviewer understands our situation.
Although we agree that the long-lived protein degradation assay should be performed, because autophagic flux assay in macroautophagy was not affected by our sensors based on our flux assay, we believe that autophagic degradation of substrates including long-lived proteins is normal. We will perform long-lived protein degradation assay once we obtain permission to use isotopelabeled amino acids.
-is selective autophagy normal in cells expressing the HyD-LIR(TP)-GFP sensor?
Response: We examined whether our sensors could be used for a selective autophagy. As a result, we found that HyD-LIR(Fy)-GFP or HyD-LIR(TP)-GFP was efficiently localized to MitoTrackerpositive damaged mitochondria spots in CCCP-or phenanthroline-induced mitophagy in MEFs or HeLa cells, respectively (revised Figure 8A-D) . Moreover, HyD-LIR(Fy)-GFP-or HyD-LIR(TP)-GFP-positive damaged mitochondria accumulated in the presence of CQ. There is no dramatic difference on the numbers of sensor-positive MitoTracker spot in cells expressing GFP-LC3B and our HyD-LIR sensors, suggesting that damaged mitochondria are degraded in cells expressing GFP-LC3B or our HyD-LIR sensors (revised Figure 8B and D) . These results raise its potential use to detect mitophagy. However, more detailed analysis such as the flux assay using mtKeima or the flux assay using mitochondria targeting proteins is needed for its practical use on mitophagy. Due to time limitation for the revision, we couldn't perform all experiments regarding the evaluation of our sensors on mitophagy. Therefore, as a further study, we are going to characterize our sensor as a marker for a selective autophagy such as mitophagy or pexophagy.
-does the sensor bind to LC3 in both the inner and outer membrane of the forming autophagosome? They should perform proteinase K protection experiments.
Response: As the reviewer suggested, we performed proteinase K (PK) protection experiments and added this new data to Fig. 6G of the revised manuscript. Based on the PK protection assay, our newly developed HyD-LIR(TP)-GFP was also present in the inner membrane of autophagic vacuoles.
Response:
We thank you for pointing this out.
In our experimental setting, we initially used serum starvation because we induced serum-starvation in MEF and HEK293T cells in DMEM in the absence of serum (10% FBS) without the requirement for EBSS media. To allow sufficient time for cell starvation for autophagy induction, we incubated the cells for up to 8 h under serum starvation conditions. Because we confirmed the formation of mRFP-LC3B-positive autophagosomes and accumulation of LC3-II in the presence of CQ under serum starvation conditions in MEF and HEK293T cells with normal cell morphology, we concluded that autophagy was induced and autophagic flux was normal. However, as the reviewer suggested, we also confirmed that our sensors were efficiently localized to autophagosomes under EBSS starvation in MEF (for 2 and 4 h) or HeLa cells (for 4h). We included new cellular images in Figure EV3 and Appendix Figure S3 .
-the western blot experiments are not described in the methods Response: We thank you for pointing this out. We added a detailed description of western blot experiments to Appendix Supplementary methods.
-the quantification of the ratios of sensor-positive RFP-LC3 spots and autophagosomal/cytosol (A/C) fluorescent intensity should be better described. E.g. in Fig.2 Response: Thank you for pointing this put. We added detailed descriptions of these analyses to the methods. To quantify fluorescent intensity, we randomly choose 20 cell images and averaged the fluorescent intensity ratio between the spots and cytosol. For western blotting, we conducted 3 independent experiments and averaged the results. We revised the Materials and Methods and included additional descriptions in the revised manuscript as follows. Response: We wished to express that ATG13, BNIP3, and FUNDC1 were significantly different from all other groups. To avoid confusion, we revised the sentence in the revised manuscripts. Thank you for submitting your manuscript for consideration by the EMBO Journal. It has now been seen by the referees again whose comments are enclosed. As you will see, the referees appreciate the revision of your work, and I am thus happy to accept your manuscript in principle for publication here.
-
The authors have satisfactorily addressed all my comments.
Referee #2:
The Authors have satisfactorily addressed my comments and concerns and the revised manuscript is now acceptable for publication in EMBO Journal.
The text should however undergo extensive proofreading for English grammar. The title and headings should also be revised -some of the headings are too long and extensive, e. Is there an estimate of variation within each group of data?
Is the variance similar between the groups that are being statistically compared? Two--tailed unpaired T test ( Fig 1D and 7F ) between gaussian distributed two groups. If not two--tailed Mann--Whitney U test ( Fig 1E and 6F ) . For the comparision of more than three groups Kruskal--Wallis test (Fig 2C, 2F, 2I, 3C , 3F, 3I, 4C, 4F and 7B ) for non--gaussian distributed or one way ANOVA ( Fig 6B, 6D , 7B, 8B and 8D ) for gaussia distributed 1. Data the data were obtained and processed according to the field's best practice and are presented to reflect the results of the experiments in an accurate and unbiased manner. figure panels include only data points, measurements or observations that can be compared to each other in a scientifically meaningful way. graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should not be shown for technical replicates. if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be justified Please fill out these boxes ê (Do not worry if you cannot see all your text once you press return) a specification of the experimental system investigated (eg cell line, species name).
C--Reagents
B--Statistics and general methods
the assay(s) and method(s) used to carry out the reported observations and measurements an explicit mention of the biological and chemical entity(ies) that are being measured. an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.
the exact sample size (n) for each experimental group/condition, given as a number, not a range; a description of the sample collection allowing the reader to understand whether the samples represent technical or biological replicates (including how many animals, litters, cultures, etc.).
Each figure caption should contain the following information, for each panel where they are relevant:
Captions
The data shown in figures should satisfy the following conditions:
Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship guidelines on Data Presentation. a statement of how many times the experiment shown was independently replicated in the laboratory.
Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.
Please ensure that the answers to the following questions are reported in the manuscript itself. We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human subjects. This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal's authorship guidelines in preparing your manuscript.
